Complete or partial congenital absence of hair (congenital alopecia) may occur isolated or with associated defects. The majority of families with isolated congenital alopecia has been reported to follow an autosomal recessive mode of inheritance (MIM 203655). We have previously mapped the gene for autosomal recessive congenital alopecia in a large inbred Pakistani family in which affected persons show complete absence of hair development (universal congenital alopecia) to a 15 cM region on chromosome 8p21-22. Here we report the cloning and characterization of the human homologue of the mouse hairless gene and show that it is located in the critical region on chromosome 8p21-22. Determining the exon-intron structure allowed detailed mutational analysis of DNA samples of patients with universal congenital alopecia. We detected a homozygous missense mutation in the Pakistani family and a homozygous splice donor mutation in a family from Oman. In addition, we show that the human hairless gene undergoes alternative splicing and that at least two isoforms generated by alternative usage of exon 17 are found in human tissues. Interestingly, the isoform containing exon 17 is the predominantly expressed isoform in all tissues but skin, where exclusive expression of the shorter isoform was observed. We speculate that this tissue-specific difference in the proportion of hairless transcripts lacking exon 17 sequences could contribute to the tissue-specific disease phenotype observed in individuals with isolated congenital alopecia.
INTRODUCTION
Congenital alopecia (synonym: congenital atrichia) comprises localized as well as complete absence of hair at or shortly after birth. Congenital alopecia may occur isolated or with associated defects. On the basis of such associations, several different syndromes featuring congenital alopecia can be distinguished (1) (2) (3) . The rare isolated form of congenital alopecia has been reported in sporadic and familial cases. In familial cases inheritance is usually autosomal recessive (MIM 203655) (2, (4) (5) (6) (7) (8) (9) (10) (11) , but families with autosomal dominant (12) or X-linked recessive inheritance (MIM 300042) (13) have also been reported.
Applying a systematic genome scanning approach we have recently mapped the autosomal recessive form of isolated universal congenital alopecia (ALUNC, alopecia universalis congenitalis) to a 15 cM region between marker loci D8S261 and D8S1771 on chromosome 8p21-22 in a large Pakistani family (14) . The mouse hairless gene maps in the homologous region of mouse chromosome 14, suggesting that mutations in the human homologue of the hairless gene might be responsible for the disease.
We now describe the successful characterization of the cDNA sequence encoding the human hairless gene, the genomic organization of the gene, the presence of alternative transcripts and demonstrate that the gene is involved in autosomal recessive *To whom correspondence should be addressed. Tel: +49 228 287 2286; Fax: +49 228 287 2601; Email: noethen@humgen.uni-bonn.de universal congenital alopecia by identifying mutations in two independent families from Oman and Pakistan. While this manuscript was in preparation, Ahmad et al. (15) reported cloning of the same gene and the identification of a single missense mutation in a Pakistani family.
RESULTS

Human hairless cDNA sequence
A homology search (BLAST) of sequence databases using the murine hairless gene as the query sequence identified GenBank Expressed Sequence Tags (ESTs) AA025648 and R67180 as the top ranked matches. The human ESTs AA025648 and R67180 were originally isolated from infant brain and fetal heart, respectively (Washington University-Merck EST Project). Both ESTs show >80% sequence identity with the mouse hairless gene, suggesting that they contain part of the human hairless gene. The rat homologue was recently identified by Thompson (16) .
To complete the human hairless cDNA sequence 5′ and 3′ rapid amplification of cDNA ends (RACE) were performed on adaptor-ligated fetal and adult brain cDNA. The composite human hairless cDNA, sequenced in both directions, contains an open reading frame of 3570 nt encoding 1189 amino acids (Fig.  1) . Comparison of this cDNA sequence with the sequence that has recently been deposited in GenBank (accession no. AFO39196) by Ahmad et al. (15) revealed 19 nt substitutions resulting in 11 amino acid changes. We have confirmed our sequence by sequencing the complete coding region from genomic DNA of five unrelated individuals, among them two unrelated Pakistani individuals (affected individual V22 and unaffected individual IV38), two Omani individuals (affected individual VI15 and unaffected individual VI30) and one unaffected Caucasian individual recruited from our laboratory staff.
Despite performing numerous RACE experiments, we have not been able to obtain additional clones that extend the present sequence. Therefore, the 5′-and 3′-untranslated regions (UTRs) may not be complete. Comparison with the rat and mouse hairless genes and observation of a consensus sequence for a 3′ splice acceptor site located upstream of exon 2 suggests that an additional exon may be present in the 5′-UTR.
Sequence analyses of 3′ RACE products from brain tissue suggested the presence of alternative splicing. Sequencing of five clones containing 3′ RACE products revealed three sequences lacking a stretch of 165 bp, compared with two clones where this sequence was present. After identification of the genomic structure of the gene we showed that the alternatively spliced sequence was exon 17. The predicted translation initiation codon, at nt +1, was assigned based on homology to the murine and rat initiation sites.
The hairless gene is highly conserved between man, mouse and rat. The human gene shows 81.0% (81.1%) identity at the DNA level and 80.0% (79.3%) identity at the protein level to the mouse (rat) gene.
Chromosomal localization
Typing of a radiation hybrid panel placed the human hairless gene 5.01 cR10000 (lod score 12.19) from framework marker SHGC-33989. On the Genetic Location Database (LDB) summary map (17) SHGC-33989 is localized on chromosome 8p21.2 between recombinant markers D8S261 and D8S1771. The estimated physical distance is 6.87 Mb from D8S261 and 5.74 Mb from D8S1771.
Structure of the human hairless gene
Previously, the murine hairless gene was shown to be organized into 19 exons extending over 19 kb of genomic DNA (18) , with an open reading frame starting in exon 2. Assuming that the human hairless gene may be of similar organization and size as the gene of its murine counterpart, we aimed to amplify it directly from genomic DNA by analogously dividing the cDNA sequence into 18 putative exons and designing pairs of PCR primers corresponding to the distal ends of neighbouring exons. With these primers we could amplify putative introns 2-5, 7-15, 17 and 18. PCR amplification was not successful for introns 6 and 16. Exon flanking sequences of these introns were obtained using pre-made libraries of adaptor-ligated, human-specific genomic DNA fragments (19) . This technique was also used for walking from exon 2 into intron 1. Exon 1 was not present in our cDNA sequence. However, searching for splice consensus sequences in genomic DNA revealed that the 5′-end of exon 2 is flanked by a 3′ splice acceptor consensus site, indicating that an additional exon may also be present in the human (Table 1) .
A schematic representation of the overall organization of the human hairless gene is given in Figure 2 . Detailed information on exon-intron organization is given in Table 1 .
Our assumption of a similar exon-intron organization of the murine and human hairless genes proved to be correct. All the exon-intron boundary sequences were consistent with the established splice consensus sequences (20) .
Expression of hairless mRNA
Multiple-tissue northern (MTN) blots (Clontech) were hybridized using a 685 bp PCR fragment generated with primers 3,2 forward and 3,4 reverse (Table 2) as probes. It was shown that a transcript of ∼5.0-5.5 kb is expressed in brain and skin (data not shown).
As a complementary approach to RNA blots we PCR screened multiple-tissue cDNA (MTC) panels (Clontech) (Fig. 3) , which permits detection of mRNAs of all abundance levels, including very rare transcripts. In addition, MTC panels were used to determine the tissue distribution of alternatively spliced transcripts. The cDNA in MTC panels has been normalized using several different housekeeping genes. Therefore, the PCR results give a more accurate assessment of tissue specificity and relative abundance of target mRNAs than northern blots alone.
We screened two human cDNA panels representing 16 different tissues and cDNA generated from skin RNA for the presence of hairless cDNA. Using a forward primer located in exon 8 and a reverse primer in exon 10 we obtained the strongest PCR products in skin and small intestine (Fig. 3b) . Weaker signals were detected in brain, testis and colon. Trace expression was seen in liver, kidney, pancreas, spleen and thymus. Our next aim was to confirm alternative splicing of exon 17, as sequencing of cDNA clones had shown the occurrence of two different RNA species with exon 17 present or not. A nested PCR amplifying exons 16-18 was performed and revealed two different bands, which were subsequently sequenced. The larger 280 bp band contained exon 17, whereas in the smaller 115 bp band exon 17 was missing (sequences not shown). Figure 3a shows the tissue distribution of the alternative splice products. The high sensitivity of nested PCR revealed that at least traces of hairless mRNA were present in all tissues under study except peripheral blood leukocytes. Skin is the only tissue where the shorter transcript lacking exon 17 is exclusively expressed. In contrast, kidney and testis express only the longer transcript including exon 17. In all other tissues, both transcripts were detectable. The intensity of the long band was always stronger than that of the shorter band, indicating that the long splice form is more abundant in the tissues expressing both transcripts.
Identification of mutations
The localization of the human hairless gene within the critical region on chromosome 8p21-22 defined by flanking markers D8S261 and D8S1771 encouraged us to search for mutations in this gene in affected patients V22 from family ALPA1 and VI15 from family ALOM1. Twenty-two pairs of specific primers were used to amplify 264-870 bp segments of exons and intron-exon boundaries of the gene by PCR, using genomic DNA of affected subjects as a template; these primer sets cover the coding region and splice sites of the gene (Table 2 ). Sequence analysis of PCR products using internal sequencing primers revealed a 5′ splice site mutation downstream of exon 12 (nt 2776+1, G→A) in patient VI15 from family ALOM1 (Fig. 4b ) and a single nucleotide substitution (nt 3407, T→A) causing an amino acid substitution at position 1136 (Val→Asp) of the hairless protein in patient V22 from family ALPA1 (Fig. 4a) . The T→A mutation abolishes a cleavage site for the restriction enzyme Tsp45I, while the G→A mutation does not alter any known restriction enzyme cutting site. The mutations were traced in the families by restriction digestion of PCR products and SSCP analysis, respectively. All affected individuals were homozygous for the respective mutations (Fig. 5) . Healthy individuals are either heterozygous for the mutation or homozygous for the wild-type allele. Both mutations were absent in 384 Caucasian, 80 Omani and 52 Pakistani control chromosomes.
DISCUSSION
Relatively little is known about the processes that control hair growth at the molecular level. The relevant molecules are expected to act on the hair follicle, an apparently simple structure formed by the interaction of developing, epithelial and mesenchymal cells (21, 22) . Several lines of evidence suggest that the gene described in the present paper is necessary for the development of human hair. First, the coding region is highly homologous to the murine and rat hairless genes (16, 18) , indicating that it is the human counterpart. The most prominent phenotype of homozygous mutant hairless mice is that ∼2 weeks after birth they experience progressive hair loss (23) . After their coat is shed completely (3-4 weeks of age), they remain bald. Second, the human hairless gene maps to the potential genetic locus in 8p21-22 identified by linkage analyses in a family with autosomal recessive universal congenital alopecia universalis (14) . Human chromosome 8p21-22 is syntenic to mouse chromosome 14, which harbours the murine hairless locus (18) . Third, mutations co-segregating with the phenotype were identified in two unrelated families with universal congenital alopecia. Patients from these families show complete absence of hair development affecting all scalp and body hair. Our study provides convincing evidence that the human hairless gene is the causative gene for autosomal recessive universal congenital alopecia. These data are supported by Christiano's group (15) , who identified in the hairless gene a missense mutation (Thr1022Ala) in an independent family from Pakistan. A 5′ splice site mutation was found to cause universal congenital alopecia in the Omani family. Inactivation of a 5′ splice site in general results in skipping of the preceding exon (24) , which in the case of the nt 2776+1 G→A mutation would lead to a reading frame shift in exon 13 with a premature stop codon occurring in exon 14. Seventy-five nucleotides downstream of the mutated 5′ splice site of exon 12 there is a cryptic 5′ splice site (GGgtgacc) which has a splice potential score of 68.8. If the cryptic 5′ splice site is used there will be a 25 amino acid insertion after amino acid position 925 of the predicted hairless protein. Further studies will be required to assess whether the peptides are expressed in these patients.
Our results indicate that the non-conservative T→A mutation, which was found in the Pakistani family, is also a pathogenic mutation. The valine residue at position 1136 is conserved in the murine and rat homologues. Furthermore, no other mutation was detected by sequencing of the complete coding region of an affected patient and the mutation was absent from controls. The functional consequence of the mutation is difficult to predict. It resides in an area of the protein where no definite function has been suggested.
There were no appreciable clinical differences between the Omani and Pakistani patients. However, scalp biopsy from an Omani patient has shown absence of hair follicles (11) , whereas hair follicles were present in a biopsy from a Pakistani patient (10) . If these observations are representative of development of hair follicles in patients from the respective families, it might indicate that the G→A mutation at nt position 2776+1 causes a very profound disturbance of hair follicle development while the T→A mutation at nt position 3407 has a less severe effect. A better understanding of possible relationships between genotype and phenotype will require the characterization of mutations in additional patients. This will be facilitated by the reported exon-intron structure of the human hairless gene.
We have demonstrated that the human hairless gene undergoes alternative splicing and that at least two isoforms generated by alternative usage of exon 17 are found in human tissues. Interestingly, the isoform containing exon 17 is the predominantly expressed isoform in all tissues but skin, where exclusive expression of the shorter isoform was observed. We postulate that this tissue-specific difference in the proportion of hairless transcripts lacking exon 17 sequences could contribute to the tissue-specific disease phenotype observed in individuals with isolated congenital alopecia.
Little is known about the function of the hairless protein. The presence of a putative zinc finger domain suggests a role in transcriptional regulation. The zinc finger domain consists of a cluster of six cysteines with novel spacing that is conserved among mouse, rat and human. Database sequence comparisons have failed to reveal strong homology with currently known genes. It has recently been shown in rat that hairless expression in brain is directly and rapidly (<4 h) induced by thyroid hormone (TH) (16) . The effects of TH are mediated through the action of specific nuclear receptor proteins. Thyroid hormone receptors (TRs) act by binding to specific DNA sequences and subsequently activating or repressing transcription of nearby genes in response to hormone binding. The upstream regulatory region of the murine hairless gene includes a potent thyroid hormone response element, which explains the rapid induction through TH (25) . By identifying proteins that interact with hairless protein in brain, it was found that hairless interacts directly and specifically with TR, the same protein that regulates its expression, suggesting a novel autoregulatory pathway (25) . In contrast to hairless regulation in brain, hairless expression in skin is not influenced by TH (16) . This suggests that as yet unknown pathways are involved in the function of hairless protein in skin. It will be a matter of future studies to identify the proteins that interact with hairless in skin and to elucidate their role in the development of hair.
MATERIALS AND METHODS
Radiation hybrid mapping
Chromosomal localization of the human hairless gene was carried out using monochromosomal hybrid cell lines of the Stanford G3 radiation hybrid panel RH3 (Research Genetics). A primer set was selected (EST2-F, 5′-CACTCAGCAC-TTCCTCTCCC-3′, and EST2-R, 5′-TTCACTGCTTGGAACA-CAGC-3′) based on the sequence from EST AA025648. The Figure 5 . Segregation of the hairless mutations in the two families with autosomal recessive universal congenital alopecia. Squares and circles denote males and females, respectively; filled symbols denote affected individuals; unfilled symbols denote unaffected individuals. The genotype is shown below and to the right of the individual's symbol. +, wild-type allele; -, mutant allele. (a) Family ALPA1 segregates for the T→A (nt 3407) mutation in exon 18. The pedigree is an abridged pedigree of the large inbred Pakistani family described by Ahmad et al. (10) . Numbering of individuals is that of Ahmad et al. (10) . (b) Family ALOM1 segregates for the G→A (nt 2776+1) mutation. The pedigree is an abridged pedigree of the large Omani family reported by Kenue and Al-Dhafri (11) . Numbering of individuals is that of Kenue and Al-Dhafri (11). a b resulting ∼800 bp amplification products were subjected to electrophoresis in 2% agarose gels. The typing data vector of the radiation hybrid panel was 0000R 00000 00000 00000 00010 00000 00010 00R01 10100 11000 00001 00000 00000 10100 00000 01000 000. Two-point maximum likelihood analysis was calculated by the Stanford Human Genome Center radiation hybrid web server (http://www-shgc.stanford.edu/RH/index.html ).
Isolation of human hairless cDNA
Starting from human ESTs AA025648 and R67180, 5′ and 3′ RACE experiments were performed using the Marathon-Ready cDNA Kit (Clontech). Amplification products were subcloned into the pCR 2.1-TOPO vector (Invitrogen) and sequenced. Primers derived from these sequences were used in subsequent 5′ and 3′ RACE experiments. The complete coding cDNA sequence was assembled by sequencing the subcloned RACE products.
Exon-intron structure of human hairless gene PCR primers corresponding to the distal ends of neighbouring exons were used to amplify putative introns. PCR products were subcloned into the pCR 2.1-TOPO vector and sequenced. When the PCR amplification consistently failed when applying different conditions, product was obtained using the GenomeWalker Kit (Clontech).
Exon-intron boundaries were determined by comparison of cDNA and genomic sequences.
Family and control material
The clinical phenotypes of the Pakistani and Omani families have been described (10, 11) . In the Pakistani kindred, all the affected persons have a complete absence of scalp hair, as well as absence of hair in the axillary and pubic regions: eyebrows and eyelashes are also completely absent. The affected newborn infants have a few sparse hairs at the crown of the head, which fall off within a few weeks and never regrow. Otherwise, the skin appears normal. Skin biopsy from a 30-year-old affected male shows an unremarkable epidermis and dermis containing hair follicles without hair. In the Omani family, the hairs were typically absent from the scalp, eyebrows and other parts of the body, including pubic and axillary hairs. Sparse eyelashes on the upper eyelid (range 2-9) were observed in some individuals. Mothers of the affected children had reported the presence of fine hairs at birth which were shed at ∼2 months of age. A skin biopsy taken from an 11-year-old affected boy showed no hair follicles.
Although it was not possible to demonstrate a common ancestor for all members of the Omani family, all parts of the family stemmed from the same small village.
After informed consent was obtained, EDTA anticoagulated blood was collected from all available family members. Lymphocyte DNA was extracted from blood by salting out with saturated NaCl solution (26) .
Presence of the respective mutations in different ethnic populations was examined by analysis of healthy individuals from Oman (n = 40), from Pakistan (n = 26) and from Germany (n = 192).
Identification of mutations
To sequence the human hairless gene from genomic DNA, the 18 coding exons (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) were amplified by PCR using the primer pairs shown in Table 2 . To facilitate sequencing, exon 3 was subdivided into five overlapping PCR fragments (3, (1) (2) (3) 5) .
PCR was carried out in a 50 µl total volume, containing 80 ng genomic DNA, 10 pmol each primer, 1 U Taq DNA polymerase (Life Technologies), 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 , 0.01% gelatine and 0.2 mM dNTPs. DMSO to 5% was added in reactions amplifying exons 14 and 15 to improve specificity.
The PCR conditions (GeneAmp 9600 Thermocycler; PerkinElmer Cetus) were 95_C for 5 min, then 35 cycles of 94_C for 20 s, the appropriate annealing temperature (Table 2) for 20 s and 72_C for 30 s, with a final extension step of 5 min at 72_C.
PCR products were directly sequenced on a 377 Applied Biosystems automatic sequencer.
Expression studies
An MTN blot (Clontech) and a Northern Territory RNA blot (Invitrogen) were hybridized with a 685 bp PCR product generated from cDNA using 15 ng template with primers 3,2 forward and 3,4 reverse ( Table 2 ) radiolabelled in a second round PCR. After hybridization and washing, the blots were exposed for 10-12 days at -80_C to Kodak X-Omat film.
Human multiple tissue PCR-ready cDNA panels (Human MTC Panels I and II; Clontech) were used to analyse the gene expression pattern with high sensitivity and to study the distribution of alternative transcripts. cDNA from skin, which is not included in the MTC panels, was prepared from total RNA from skin using TRIzol reagent (Life Technologies). An aliquot of 1 µg RNA was used for reverse transcription with Expand reverse transcriptase (Boehringer Mannheim). Skin cDNA was normalized to the MTC panels using G3PDH primers included in the panels.
For the study of expression levels, primers Ex8F-ALUNC (located in exon 8, 5′-CACTGCAATGCACCAGGTCTTGG-3′) and Ex10R-ALUNC (located in exon 10, 5′-GAAGCCAG-CAGTTCGCAGAGAGAA-3′) were used to amplify a 270 bp fragment from cDNA with 35 cycles of the following two-step PCR programme: 94_C, 20 s; 68_C, 30 s (Fig. 3b) . For the study of alternative splicing events involving exon 17 a nested PCR approach was applied. An external PCR using primers 16F2 (located in exon 16, 5′-GGGAGGGGCTCTGGTCTC-3′) and 18R2 (located in exon 18, 5′-CCTGGGCATAAAGCAGGTGG-CA-3′) was performed from cDNA with 35 cycles of 94_C for 20 s, 60_C for 20 s, 72_C for 20 s. Subsequently, an internal PCR was conducted with primers 16F (located in exon 16, 5′-GTCAG-CACTGTGTGGCACG-3′) and 18R3 (located in exon 18, 5′-GGGAGAGGAAGTGCTGAGTG-3′) with the same PCR conditions to amplify a 280 (exon 17 present) or 115 bp fragment (exon 17 absent) (Fig. 3a) . A control PCR was performed with all cDNAs using G3PDH primers provided in the cDNA panels (Fig.  3c) . All PCR products were separated on 2% agarose gels.
NOTE ADDED IN PROOF
We have recently studied the presence of the missense mutation reported by Ahmad et al. (15) in a sample of 606 German control individuals. The Thr1022Ala mutation was found in a heterozygous state in 14 persons, resulting in a Thr1022Ala allele frequency of 1.2% (99% confidence interval: 0.5-2.2%). If Thr1022Ala is a disease-causing mutation, one would expect a prevalence of universal congenital alopecia of at least 1/40 000, the latter corresponding to the expected number of homozygotes calculated from an allele frequency of 0.5%. However, universal congenital alopecia is an extremely rare disorder. Despite an easily recognizable phenotype, only a small number of families have been reported from the entire world. These studies clearly indicate that Thr1022Ala is not, in and of itself, a deleterious change.
